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SOBVET  OF  NOBKS  CONNECTED  NITU  ONDEBGBOUND  B&OIOBAVE  PBOPAGATION.  ’ 

' 


G.  I.  Nakarov*  V.  A.  Pavlov.  'j 

:i 

ii 


Fago  135-  - 

I. 

f 

There  are  several  reasons,  which  caused  interest  in 
investigations  in  the  region  of  radiowave  propagation  in  the  earth's 
crust,  for  the  first  tiae  such  investigations  they  becaee  to  be 
occupied  in  connection  with  the  needs  of  exploration  geophysics. 
Subsequently  to  problem  about  the  propagation  of  electrouagnetic 
energy  in  the  earth's  crust  was  drawn  the  attention  in  connection 

f 

with  the  solution  of  certain  probless  of  electrcdynauics  and  the 
technicians  of  the  detection  of  electrical  signals  in  the 
earth/ground.  Finally,  one  of  the  last/latter  aotives  is  the  need  for 
the  selection  of  the  routes  of  radio  couunication,  reliably  shielded 
froB  interferences  (propagation  of  the  electroaagnetic  energy  through 
the  deep  weakly  conductive  layers,  covered  with  the  high*conductivity 
rock/species) . 


*^he  present  article  is  the  survey  part  of  V.  A.  Pavlov's 
dissertation  work,  nade  under  G.  I.  nakarov's  nanagenent/nanual.  By 
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the  authors  is  sade  sarvey/coverage  of  the  fuDdaaental  factors,  which 
affect  radio  coBaunication  with  the  aid  of  the  submerged  into  the 
earth/ground  antennas:  geological  structure,  type  and  the  locations 
of  the  transaitting  and  receptors,  the  curvatures  of  the  earth's 
surface,  dependence  of  the  electrical  paraaeters  of  rocts  on 
frequency,  temperature  and  pressure,  the  radio  jaaaings,  etc.  In  the 
article  are  ezaained  also  the  fundaaental  theoretical  and 
experiaental  work  on  radiowave  propagation  in  thicker  than  the  Earth. 

Given  below  inforaation  are  borrowed  froa  the  literature 
sources,  aain  froa  which  they  are  [150,  146,  141,  138,  139,  142,  121, 
21,  14,  96,  59,  60,  9-12,  110,  152 J. 


§1.  Structure  of  earth  as  a whole. 


Por  the  solution  to  the  guestipns,  placed  in  given  work,  priaary 
aeaning  has  the  information  about  the  electrical  properties  of  earth 
as  a whole,  and  auxiliary  - data  on  the  aechanical,  theraal  and  other 
paraaeters  of  rock/species.  Exaaination  let  us  begin  froa 
survey/coverage  of  the  representations  of  the  division  of  earth  into 


zones 
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Page  136. 

Data  on  the  aechanical  structure  of  earth,  as  a rule,  were 
obtained  with  the  aid  of  seisaic  and  grawiietcic  aeasureaents  [38, 

40«  146,  14,  21  ]•  The  fundanental  parts  of  terrestial  globe  they 
consider  three  of  geospheres:  crust,  aantles  (shell)  and  nucleus.  The 
depth  of  the  occurrence  of  the  boundaries  of  the  enuaerated  zones 
depends  on  the  location  of  observation  point  on  the  earth's  surface 
and  froa  as  are  deterained  the  very  concepts  of  "crust",  "aantle", 
"nucleus".  The  aost  universally  recognized  diagraas  of  the 
subdivision  of  earth  to  geospheres  are  the  aodels  of  Sullen  [14]  and 
of  Gutenberg  [21]. 

As  lower  boundary  terrestrial  crust  usually  accepts  the  Hoho 
surface  *. 

FOOTNOTE  Soae  authors  deteraine  in  another  way  concept  "lower 

boundary  of  crust",  see,  for  ezaaple,  [78].  ENDFOOTNOTE. 

Cq  it  pcocMds  a velocity  juap  of  the  longitudinal  seisaic  waves 
Vp 

froa  i6.7  to  8 ka/s.  Nill  lie  this  surface  on  the  average  at  depth 
33>>35  ka  [20,  13,  31].  On  continents  it,  as  a rule,  is  arranged 
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deeper  (to  60-70  ke),  and  near  the  oceans  it  lie/rests  at  several 
kiloseters  under  the  bottos.  There  are  at  present  several  hypotheses 
about  the  nature  of  the  foraation  of  nobo  surface  [93,  107,  117,  90, 
41,  19,  51,  52,  57].  two  opposite  points  of  view  are  expressed  in 
works  [90,  107]  and  [93,  117]. 


Onder  Hoho  surface  stretches  the  nantle  (shell  of  earth).  As  its 
lower  boundary  is  accepted  the  sphere  of  a radius  3473  ka,  on  which 
proceeds  the  second  sharp  velocity  discontinuity  V'p  the  longitudinal 
seisnic  waves  fron  13.6  to  8.1-10.4  kn/s  [14].  Eithln  this  sphere  is 
arranged  the  nucleus  of  earth.  Crust,  the  nantle  and  the  nucleus  in 
thenselves  are  heterogeneous;  therefore  then  they  subdivide  into 
saaller  geospheres. 


They  distinguish  of  two  fundanental  types  of  the  earth* s crust: 
continental  and  oceanic 


FOOTHOTE  There  is  a lore  detailed  subdivision  of  crust  to  subtypes 
[31,  34,  35,  43].  EMDFOCTNOTE. 


Continental  crust  [62]  is  coaposed  of  the  soil  deposit  of  the  aoet 

Vp<AJS 

diverse  coaposition,  sediaentary  rocks  (their  density  2.6  g/cm*,  ' 
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ka/s) , of  granite  array  (density  2.7  g/cm*)  and  of  "basaltic"  layer 
(density  2.9  q/cm* , Vp*~6,Z—7  ika/s).  Last/latter  naae  conditionally 
[62#  41].  Due  to  a deep  occurrence  the  coaposition  of  this  layer  is 
not  accurately  known.  It  can  be  judged  only  froa  indirect  data.  In 
any  case  the  velocity  of  the  longitudinal  waves  in  this  layer 
sufficiently  considerably  differs  froa  the  velocity  in  strictly 
basalt  (for  which 5.0— 6,0  ka/s)  , and  this  indicates  that  it,  besides 
basalts,  includes  other  rock/species.  Daring  transition  froa 
continental  crust  to  oceanic  disappears  soil  deposit  and  decreases 
the  thickness  of  granite  layer.  Oceanic  crust  consists  of 
precipitation  and  "basaltic"  arrays.  The  boundary  between  granites 
and  "basalts"  is  called  Conrad 's  surface. 

Page  137. 

The  reasons  for  the  sharp  difference  in  the  structure  of  oceanic  and 
continental  crust  insufficiently  are  well  studied  [by  41,  13]. 

In  turn,  the  nantle  (shell  of  earth)  according  to  seisnoaetric 
properties  is  divided  by  three  zones  [21,  62,  14]: 
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^/)3oNU  Vf,  KMletlc(fi'i  ^njOTMOCTfc.  */&•»*  dO 


B.  ...  . 7,8—  9,0 

C 9,0- n.< 

D.  . . , .11,4-13,6 


3,64  - 4,07 
4,68-4,41 
5,69  - 5,57* 


Key:  (1).  Zones.  (2).  kn/s.  (3).  Density.  (4).  g/ca^. 


FOOTNOTE.  6t  depth  2900  ka.  EMDFOOTNOTE. 


The  nucleus  of  earth  also  is  divided  by  three  zones: 


^)3ohu  KMleeie(ft)  ^ 3l^n«0TH0CTk, 

E 8,1-10,4  11,5-12,0 

F 10,4-  9,5  15 

a 11,2-11,3  17,3-17,9 


Key:  (1).  Zones.  (2).  ka/s.  (3).  Density. 


<4),  g/CB*. 
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The  nature  of  the  lechanical  foliation  of  earth  insufficiently 
is  well  studied  [by  31,  34,  41,  52,  57].  Is  explained  this  by  great 
difficulties  in  obtaining  the  experiaental  data,  since  many  of  then- 
they  are  indirect,  and  therefore  the  interpretation  of  such  data 
often  leads  to  nany-valued  answer/respcnse.  1 


Matt  and  others  [146]  on  the  basis  of  the  generalization  of 
results  [21,  38,  83,  89,  115]  constructed  averaged  curves  of  the 
dependences  of  teaperature  and  pressure  on  depth.  For  the  first  eig^ 
of  kiloaeters  they  are  based  on  direct  oeasurenents  in  iales,  while 
for  large  depths  - on  the  extrapolation  of  the  results  of  the 
aeasurements,  obtained  near  fron  surface.  These  curve/graphs  are 
given  in  Fig.  1A  and  b.  On  the  first  eight  kilcieters  of  depth  ther 
is  a Considerable  scatter  of  values  of  the  gradient  of  teaperature. 
The  average  teaperature  gradient  in  sediaentary  rocks  is 
approxiaately  lO^C/ca,  and  aaxiaally  observed  - approxiaately 
70®C/ca. 


Let  us  now  aove  on  to  the  exaaination  of  the  structure  of  earti 
froa  the  viewpoint  of  its  electrical  properties. 
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The  contenporary  aagnetotelluric  and  geoiagnetic  investigations, 
given  of  the  laboratory  analyses  of  the  saaples  of  rocks,  and  also 
the  inforaation  about  radiovave  propagation  through  the  thickness  of 
terrestrial  rocks  sboa  [110,  121,  141,  146,  150]  that  according  to 
electrical  properties  the  Earth  as  a whole  has  laainar  structure.  The 
earth*s  crust  on  the  dependence  of  the  electrical  paraaeters  on  depth 
roughly  can  be  subdivided  into  three  classes:  1)  continental  crust; 

2)  oceanic,  3)  transient  froa  the  continental  to  oceanic.  The  deeper 
layers  of  earth  (lower  part  of  the  aantle  and  nucleus),  apparently, 
have  siailar  on  entire  terrestial  globe  electrical  structure. 

Page  138. 


Let  us  pause  at  the  first  two  classes  of  the  earth's  crust.  Both 
have  a ainimua  of  electrical  conductivity,  but  they  differ  in  teras 
of  its  nuaerical  value  and  the  depth  of  occurrence  [121,  146,  152]. 
The  weakly  conductive  layer  will  lie  on  the  depth  of  several 

kiloaeters  under  the  ocean  floor,  auch  wore  deeply  it  is  arranged 
under  continents  (dozen  kiloaeters)  and  still  deeper  - in  aountain 
areas.  About  5o/o  of  space  of  the  earth's  crust  coapose  [152] 
sediaentary  rocks  (sandstone,  liaestone,  schists).  They  possess  in 
essence  [30,  53,  146]  high  (10'3-10~*  1/oha«a)  electrical 
conductivity  they  will  lie  on  depth  several  kilcaeters  under 
continents.  Near  the  oceans  the  upper  precipitation  layer  has 

L _ 
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thickness  in  hundreds  of  neters  and  its  electrical  conductivity  it 
reaches  unity  (l/ohs^n)  [121«  150]. 


r,Ke/cM*0'> 
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Fig.  1.  the  averaged  graph/diagraas  of  the  depeodence  of  teapecature 
t and  of  pressure  p within  earth  on  suhaecsion  depth  froa  0 to  70  ha 
(a)  and  froa  0 to  6370  (b) . 1 - upper  boundary  of  change  t with 
depth;  2 - the  average  slope  of  the  graph/diagraa  of  dependence  of  t 
on  depth;  3 - lower  boundary  of  change  t with  depth;  4 > direct 
observations  (Hales);  5 ~ Hohorovicic* s boundary;  6 - pressure;  7 - 
teaperature;  8 - the  boundary  of  nucleus;  9 - the  center  of  earth. 

Key:  (1).  hg/ca^.  (2).  Depth,  ka. 


Page  '.139. 


9So/o  of  space  of  the  earth's  crust  occupy  volcanic  rock  (granites, 
basalts,  labradorites,  granodiorite,  rhyolite,  gabbro) . Typical  for 
thea  is  low  (10"*-10~**  1/oha*a)  electrical  conductivity,  thickness 
of  the  layer,  foraed  by  volcanic  rock  on  continents,  reaches  to  50 
ka,  and  near  the  oceans  - to  10  ka  [152].  It  is  interesting  to  note 
that  the  ainiaua  of  electrical  conductivity  usually  falls  on  the 
layer,  naaed  higher  "basaltic”.  Coatiaeatal  "basaltic"  layer  was 
foraed  during  other  conditions,  than  oceanic.  It  is  located  in  the 
region  of  large  pressures  and  teaperatures  and  because  of  this  has 
high  electrical  conductivity.  On  the  basis  laboratory  findings  (see 
§2}  of  volcanic  rock  it  is  possible  to  assuae  that  electrical 
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condactivity  in  this  layer  is  tentatively  equal  to  lO'^-IO''  1/oha*B, 
i.e. , appcoxiaately  by  four  orders  is  higher  than  in  oceanic 
"basalt”. 

Electrical  conductivity  of  rocks  depends  [110]  on  coacentration 
and  nobility  of  charge  carriers.  Depending  on  conditions 
(teaperature,  pressure,  the  character  of  heterogeneities)  charge 
carriers  can  be  the  electrons,  ions  in  ore,  ions  in  solutions,  or  the  J 
coabination  of  these  carriers  [146].  At  depths  of  up  to  the  hundreds  j 
of  aeters  electrical  conductivity  of  rocfc/species  is  deterained  i 

aainly  by  ions  in  the  solutions,  filling  the  pore.  During  insertion  j 
the  pressure  and  the  teaperature  increase.  A pressure  increase  causes  j 
a reduction  of  the  space  of  pores,  but  teaperature  rise  increases  the  j 
dissociation  of  salts  and  ion  concentration  in  solutions  and  to  a ^ 
lesser  degree  - ion  aobility.  At  depths  about  kiloaeter  on  continents 
the  effect  of  natural  water  on  electrical  conductivity  strongly 
decreases  and  by  only  charge  carriers  they  stop  the  electrons  and  the  . 
ions  of  solid.  It  proves  to  be  (see  §2)  that  the  effect  of  pressure  ] 
cn  electrical  conductivity  becoaes  negligible  in  coaparison  with  \ 

teaperature. 

3 

In  the  lower  part  of  the  earth*s  crust  bect^use  of  an  increase  in 
the  teaperature  (see  §2)  occurs  an  increase  in  electrical 

conductivity  [146],  and  on  the  boundary  of  lower  aantle  with  nucleus 
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it  reaches  (according  tc  data  on  slow  variations  in  the  aagnetic 
field  of  earth)  value  of  lO^-IO^  1/oha«B  [135].  Apparently,  nucleus 
itself  consists  of  aetallic  substance,  which  is  located  at 
teaperature  of  4«103‘’K  and  pressure  1. 35*  10*-4«  10*  kq/cm*  [38]. 

Electrical  conductivity  of  nucleus  by  order  of  value  aust  coincide 
with  electrical  conductivity  of  aetals  under  these  conditions. 

Onlike  electrical  conductivity,  which  is  changed  in  depth  on 
several  orders,  dielectric  constant  changes  approiiaately  by  an  order 
(froB  dozens  unity  CGSE  on  surface  to  unity  CGSE  in  the  depths  of 
volcaaic  rock)  [ 17,  110,  129,  130,  150  ]. 

i 

Page  140. 

However,  this  clear  the  strongly  aoistened,  porous  rocks.  In  then 
dielectric  constant  reaches  lO^-io*  unity  CGSE  at  low  frequencies 
[ 104,  129,  130],  it  increasing  with  an  increase  in  the  huaidity  and 
decreases  with  an  increase  in  the  frequency. 

In  recent  years  are  aade  the  atteapts  at  the  ultradeep  drilling 
of  the  earth *s  crust,  also,  on  continents,  and  near  ocean  [44].  Are 
realised  two  grandiose  projects  ("Hohole”  and  the  "upper  aantle") , 
the  directed  toward  coaprehensive  study  deep  layers  of  crust  and 
upper  part  of  the  aantle  of  earth.  The  realization  of  these  projects 


DOC  = 77124301 


/J 

PIGI  ^ 


\ 

I • 


t 

( 


the  electrical  paraneters  of  different  rock/spccies  over  a wide  range 
cf  pressures  and  temperatures  [ 17,  30,  49,  7$,  53,  146,  110]. 

the  measurements  showed  [17,  49]  that  of  all  investigated  by  the 
authors  specimen/samples  electrical  conductivity  and  dielectric 
constant  increased  with  a pressure  increase  (Fig.  2 and  3)  . But  all 
the  same  there  are  [48]  and  such  rock/species  (augitic  porphyrite, 
serpentinous  dunite,  pyroxenite) , which  have  the  anomalous  dependence 
cf  electrical  conductivity  on  pressure.  Dielectric  constant  under  the 
effect  of  pressure  to  5*103  kg/cm^  (which  corresponds  to  depth  20  km) 
increases  only  several  times  [17].  A further  increase  in  the  pressure 
virtually  does  not  change  dielectric  ccnstant.  For  pure/clean 
minerals  and  dense  dry  rock/species  the  electrical  conductivity  is 
subordinated  [53]  to  the  law 


where  E - energy  of  activation,  k - the  CiOnstant  of  Boltzmann,  T - 
temperature, 
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Hill  give  the  sore  detailed  and  note  reliable  inforeation  about  the 
iatecnal  structure  of  earth. 


§2.  Laboratory  investigations  of  the  dependence  of  the  electrical 
paraaeters  of  rocks  on  teaperature  and  pressure. 


The  existing  at  present  aethods  of  the  aeasureaent  of  the 
electrical  paraaeters  of  rock/species  under  field  conditions  do  not 
aake  it  possible  to  aeasure  the  electrical  conductivity  of  the  deep 
weakly  conductive  layers.  Heasureaents  ii^  this  region  are 
hinder/haapered  by  the  shielding  effect  of  surface  rocks.  The 
interpretation  of  the  results  of  aeasureaent  stops  not  by  always 
single-valued  as  a result  of  the  coaplexity  of  geological  structure 
crust  and  the  aantle  of  earth.  To  aid  cone  the  aethods,  which  sake  it 
possible  to  construct  the  variation  of  the  electrical  paraaeters  on 
depth.  They  are  based  on  the  laboratory  investigations  of 
speciaeo/sanples  with  the  enlistaent  of  soae  suppleaentary 
inforeation:  the  course  of  teaperature  and  pressure  with  depth  (see 
fig.  11  and  b)  and  the  character  of  the  distribution  of  rock/species 
according  to  depth  (it  can  be  judged,  for  exaaple,  froa  data  of 
drilling  and  the  results  of  graviaetric  and  seisnic  observations).  In 
the  Soviet  Onion  and  abroad  were  carried  out  the  investigations  of 
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Pig.  2.  tepead«ac«  of  •loctcical  coadoctivitf  of  diabaso  • oa 
fcasMca  at  vacioaa  taapacatoraa,  accocdiog  to  data  (49]. 


K«i:  IM-  <2>-  kg/ca«. 
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Pig.  3.  Depondence  of  the  ratio  of  dielectric  cocatant  (at 

pressure  P)  to  dielectric  constant  (aith  ataospheric  pressure)  on 

pressure,  according  to  data  [17].  1 - liaestonc;  2 - granite;  3 - 
basalt;  4 - diabase. 
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lith  an  increase  in  the  tenperatuce  of  huiid  porous  rock  of  i 
coaplex  aineral  coaposition  occur  the  changes  in  its  phases,  which  ^ 
can  influence  electrical  conductivity  cf  rock/species.  Therefore  | 
experiaental  dependence  a (T)  can  differ  froa  lav  (1).  Figure  4 giv# 
the  experiaental  dependence  of  electrical  conductivity  of  basalt  on 
teaperature,  constructed  on  the  basis  cf  data  [48].  Since 
speciaen/saaples  were  dry  and  dense,  curve/graphs  were  subordinated 
to  equation  (1).  Onder  the  siaultaneous  influence  of  pressure  and 
teaperature  [ 17  ] on  diabases,  basalts,  peridotites  and  sandstones 
their  electrical  conductivity  depended  cn  pressure  such  weaker  than 
cn  teaperature.  This  conclusion  was  confiraed  and  by  subsequent  ^ 
experiaents  [48],  daring  which  the  pressure  rose  to  4«10*  kg/ca^ 
(which  corresponds  to  depth  150  ka) , as  a result  of  which  occurred  a 
change  in  the  electrical  conductivity  in  all  tc  70o/o.  An  increase  i 
the  teaperature  only  bo  800oc  (depth  34  ka)  produces  an  increase  in  < 
the  electrical  conductivity  by  5-6  orders^  In  work  [105]  is 
investigated  the  electrical  conductivity  of  peridotite  at  pressures. 

to  10*  kg/CB*  and  teaperatures  to  1200®C.  It  grow/rose  with  an 
increase  in  the  teaperature  and  decreased  under  the  effect  of 
pressure  on  2.3-3. 7o/o  on  each  of  10^  kg/CB'^.  ^ 

Hork  [1]  gives  given  data  on  research  on  electrical  conductiviti 
of  single  crystals  MaCl  during  shock  ccapression  in  the  range  of  1 
pressures  froa  5*10*  to  8«10s  kg/ca^.  in  the  upper  pressure  range  tl 
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teaperature  of  these  single  crystals  T cose  to  6150<*K  (i.e.  it 
exceeded  the  teapecatuce  in  the  center  of  the  nucleus  of  earth),  and 
electrical  conductivity  « it  reached  value  3. S^IO'^  1/oha«a.  It  is 

interesting  that  the  gcaph/diagraa  of  dependeqce  Ig  v (1/T)  in 
bigh-teapecature  range  had  the  constant  slope/inclination, 
corresponding  to  energy  of  activation  1.2  el.  This  aeans  that  a 
fundaaental  effect  on  electrical  conductivity  has  the  teaperature, 
aheceupon  it  as  under  standard  conditions,  introduce  ionic  character. 

The  weak  (in  coaparison  with  teapecatuce)  effect  of  pressure  on 
electrical  conductivity  note  other  authors  [110,  123]. 

Utilizing  a known  variation  of  teaperature  with  depth  (see  Fig. 
1A,  b,  soae  authors  [110,  121,  146,  150]  they  constructed  the 
dependence  of  electrical  conductivity  as  function  of  the  depth  of 
iaaecsion.  In  Fig.  5 we  have  constructed  the  dependence  « on 

subaersion  depth  according  to  data  of  these  authors.  For  the  upper 
layers  of  crust  the  construction  was  aade  on  the  basis  of  the  results 

of  field  investigations  with  the  enlistaent  of  these  laboratory 
aeasureaents  of  the  paraaetecs  of  sediaentary  rocks  during  an 
increase  in  teaperature  and  pressure.  In  Fig.  5 branches  AB  and  AiBg 
ace  the  tentative  upper  and  lower  boundaries  of  electrical 
conductivity  of  sediaentary  rocks  on  coptinents. 
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The  branch  BiC|D|  characterizes  lower  boundary  of  electrical 
conductivity  near  oceans  [121,  150].  For  the  lower  layers  of  crust 
the  dependence  of  electrical  conductivity  on  pressure  can  be 

disregarded  and  allowed  the  only  effect  of  teeperature.  So  were 
constructed  [146]  branches  BE  and  DgEf  Electrical  conductivity  of 
the  upper  mantle  (branch  EF  and  EgFg)  was  found  [by  146]  according  to  ^ 
data  of  geomagnetic  sounding.  It  proves  to  be  that  the  graph/diagrams., 
of  the  dependence  of  electrical  conductivity  on  the  depth,  obtained 
by  the  authors  [110,  150],  are  arrange/located  between  branches  ABEF 
and  ItBjCt Dg EgFi.  The  curves  and  HgE  characterize  upper  and  lower  ' 
boundaries  of  electrical  conductivity  of  sea  water. 

According  to  data  [17,  30,  59,  60,  104,  110,  129,  146,  150,  152] 

1 

in  Fig.  6 are  constructed  the  ezemplary/approximate  upper  and  lower 
boundary  of  the  measurement  of  dielectric  constant  with  depth 
(branches  ABC  and  AgBgCg).  The  constructions  were  made  on  the  basis 
of  the  laboratory  measurements  of  dielectric  constant  at  the 
different  values  of  temperature,  pressure  and  field  frequency.  Branch 
BC  is  based  on  the  temperature  dependence  cf  volcanic  rock  at 
frequency  1 kBz,  into  branch  BgCg  - on  analogous  dependence  at 
frequency  100  kHz. 
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Pig.  5.  r«atativtt  app«r  (ABIP)  Aad  lowar  (AiB^CjDiEiPi)  boundary  of 
tba  dapaadanca  of  alactclcal  conductivity  of  aarth  on  dapth  and  upper 

(Ha)  and  loaar  (H|l)  boundary  of  tka  dapandanca  of  electrical 
conductivity  of  sea  water  on  subaersion  dapth.  1 - the  boundary  of 
Conrad;  2 ->  Hoho  boundary;  3 - the  boundary  between  the  nucleus  and 
the  aantle;  4 - the  center  of  earth. 


Rays  (1).  g*u.  (2).  Depth*  ka. 
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Fig.  4.  Tvatativ*  appac  (ABC)  and  loaar  (AtB|C()  boaedary  of  the 

dependence  of  the  dielectric  constant  of  earth  * on  subaersicn 
depth. 

Key:  (1).  Depth,  ka. 

r 

Page  144. 

Hith  depths  less  than  100  a is  probably  feasible  the  larger  scatter 
of  the  values  of  dielectric  constant  as  a result  of  the  considerable 
diversity  of  the  being  encountered  rock/species,  different  porosity, 
huaidity,  and  also  due  to  the  presence  of  dispersion. 

In  conclusion  aust  be  noted  that  the  representation  of  the 
electrical  properties  of  the  earth  is  based  on  the  liaited 
observations.  They  not  always  sake  it  possible  sufficiently  to 
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accurately  and  unaabiguously  deteraine  the  electrical  paraneters  of 
rock/species.  Therefore  the  results  of  the  subsequent  investigations, 
apparently,  can  influence  these  representations. 


§3.  Dependence  of  the  electrical  paraneters  of  rock/species  on 
frequency. 


^e  of  the  essential  prcblens,  connected  with  underground 
radionave  propagation,  is  the  investigation  of  the  character  of  the 

dependence  of  the  electrical  parameters  of  rock/species  on  frequency. 
Curing  the  solution  of  this  problem  «e  encounter  with  great 
theoretical  and  experimental  difficulties.  During  laboratory 
measurements,  for  example,  is  necessary  the  account  of  transient 
capacitance/capacities,  effects  of  polarization,  contacts  metal  - 
specimen/sample,  the  finite  dimensions  cf  specimen/samples  and  change 
in  their  structure  in  comparison  with  that,  which  they  had  in  natural 
conditions,  etc.  During  measurements  under  trifling  conditions  it  is 
necessary  to  consider  discontinuity  in  depth  and  in  horizontal 
direction  (heterogeneity  has  a different  effect  on  electrical  and 
magnetic  fields  [73]).  Obtaining  these  information  by  itself 
represents  sufficiently  difficult  problem.  All  this  led  to  the  fact 
that  at  present  there  is  no  unified  opinion  about  the  dispersion  of 
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the  electrical  parameters  of  rcck/species.  Detailed  survey /coverage 
of  the  work,  dedicated  to  investigations  in  this  region,  is  conducted 
by  A.  G.  Tarkhov  [ 59,  60  ].  Author  hisself  notes  that  his  conclusions 
did  not  obtain  universal  acclais.  In  his  opinion,  contemporary 
geophysical  investigations  make  it  possible  to  consider  that  up  to 
frequencies,  equal  at  least  3-10  HHz,  the  electrical  parameters  of 
homogeneous  rocks  can  be  considered  not  depending  on  field  frequency. 
But  position  is  changed,  when  it  is  necessary  tc  examine  complex 
cocks  (for  example,  the  ore  phenocrysts) , in  which  along  with 
conduction  currents  are  bias  currents.  The  role  of  the  latter 
increases  with  an  increase  in  the  field  frequency.  It  is  necessary  to 
note  that  the  greatest  disagreements  concern  the  dispersion  of  the 
electrical  parameters  of  surface,  moistened  and  porous  rocks 
[ 155-157]. 

In  work  [27]  are  investigated  the  specimen/samples,  extracted 
from  depth  2 a,  in  the  range  of  frequencies  frci  0 to  200  kHz.  For 
measurements  was  applied  electrothermal  method.  This  made  it  possible 
to  get  rid  of  bias  currents  and  to  observe  the  effect  of  conduction 
currents.  At  higher  frequency  the  electrical  conductivity  of  sand 
increased  1.8  times,  and  clay  - 1.2  times.  For  the  checking  of 
results  were  carried  out  the  measurements  by  other  methods. 
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Is  exaained  [b;  129]  the  effect  of  different  huaidity  on  the 
dispersion  of  the  electrical  paraaeters  of  the  speciaen/sa aples  of 
surface  rock/species.  It  turned  out  that  at  freguency  1.2  kHz 
electrical  conductivity  of  speciaen/saaples  with  the  natural  acisture 
content  15o/o  10  tiaes  is  more  electrical  conductivity  of  dried 
speciaen/saaples.  The  author  changed  freguency  in  range  froa  100  kHz 
to  10  MHz.  Hith  huaidity  3. 6o/o  electrical  conductivity  during  an 
increase  in  the  freguency  grow/rose  15  tines.  Mas  measured  also  [29] 
the  dependence  of  the  dielectric  constant  of  huaid  and  dry 
rock/species  on  field  freguency  in  the  range  100  kHz  - 20  HHz.  In 
order  to  eliminate  the  effect  of  direct  contact  the  netal, 
rock/species,,  was  made  air  gap  between  the  plates  of  capacitor  and 
the  specimen/sample.  For  a gap  capacitance  is  derived  the  formula, 
which  aakes  it  possible  to  consider  its  effect.  Dielectric  constant 
at  higher  freguency  was  3-14  tines  less  than  its  value  at  lower 
freguency.  Dispersion  to  larger  degree  depended  on  the  huaidity  of 
speciaen/saaples,  than  on  the  character  of  rock/species  themselves 
(so,  with  an  increase  in  the  huaidity  dispersion  it  grow/rose). 


In  the  wide  interval  of  freguencies  (50  Hz  - 30  HHz)  is  measured 
[by  104]  the  dispersion  of  the  dielectric  constant  of  the  large 
number  of  rock/species  (both  precipitation  and  volcanic).  In  the 
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range  10  - 30  HHz  it  decreased  less  than  2 tiaes.  in  the  range  fro* 

50  Hz  to  10  kHz  with  huaidity  12o/o  dielectric  constant  at  lower 
fregaencies  reached  4*10*  CGSE»  and  a decrease  in  the  huaidity  to 
2o/o  caused  a decrease  in  the  dielectric  constant  to  40  CGSE.  B.  L. 
Saith-^ose  [129]  at  field  frequency  500  Hz  cbtained  the  value  of 
dielectric  constant,  equal  to  10*  CGSE. 

On  the  depart sent  of  radiophjsics  of  L.G.D.  were  carried  out  the 
studies  of  the  dispersion  of  the  electrical  paraaeters  of  surface 
rocks  of  different  huaidity  and  structure  during  a change  in  the 
field  frequency  froa  400  kHz  to  30  HHz.  Considerable  attention  was 
allotted  to  research  on  the  effect  of  the  aobility  of  the  aqueous 
solutions  of  salts  in  the  pores  of  rock/species  on  dielectric  ^ 

I 

constant  in  lower  frequency  band.  For  exaaple,  speciaen/sa aple  made  | 

of  clay  luapy  rock/species  at  field  frequency  400  kHz  had  dielectric  j 

t 

constant  220  CGSE  and  electrical  conductivity  cf  order  3*1 0~^  \ 

1 

1/ohn«a.  i 

j 

The  dispersion  of  the  electrical  paraaeters  of  volcanic  rock  was  | 
studied  [by  110]  in  the  range  cf  frequencies  froa  100  Hz  to  500  kHz  i 
with  teaperatures  froa  200  to  1050°C  (Fig.  7 and  8).  These 
teaperatures  correspond  to  depths  froa  5 to  50  ka.  At  depths  aore 
than  40  ka  the  electrical  paraaeters  of  rock/species  in  practice  do 
not  depend  on  field  frequency.  At  depths  on  the  order  of  5 ka  of  a 
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change  in  the  frequency  fcoa  200  Hz  to  40  kHz  it  produced  an  increase 
in  the  electrical  conductivity  40-50  tiaes.  The  dependence  of 
dielectric  constant  on  frequency  for  volcanic  rock  was  expressed  auch 
weaker. 

On  the  basis  of  the  considerations,  given  in  this  and  the 
preceding/previous  paragraphs,  it  is  possible  to  draw  the  conclusion 
that  during  the  investigation  of  radiowave  propagation  through  the 

"basaltic"  waveguide  it  is  possible  to  disregard  the  dispersion  of 
the  electrical  parameters  in  coaparison  with  effect  by  such  factors 
as,  for  example,  the  heterogeneity  of  crust  in  depth.  To  the 
propagation  of  the  radio-will  through  sediaentary  rocks  (especially 
through  rock/species  with  the  increased  huiidity)  the  dispersion  can 
have  a noticeable  effect. 
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Pig.  7.  D«p«Bd«BC«  of  tk«  •loctcical  cosistaaca  of  gcanodiorite  on 
fceguency  at  various  teaperatures  (into  <*C) . 

Key:  (1).  Granodiorite.  (2).  Electrical  resistance,  Q*n.  (3). 

Pcegneacy,  Bs. 
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rig.  8.  Mp^nd^nc*  of  tli«  dioloctric  coastaat  cf  graaodiorito  on 
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■itk  tka  tandaacy  of  fcagoancy  toaacd 
tenperatuce. 
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§4.  Theoretical  studies  of  underground  radiovave  propagation. 


Investigations  in  this  region  depending  on  the  aodel  of  earth  in 
question  it  is  possible  to  break  into  tuo  groups. 


1.  Solution  of  the  problei  of  underground  source  under  the 
assumption  of  the  flat/plane  unifora  acdel  of  earth.  This  problea 
actually  is  the  snail  modification  of  Sonnerf ield's  classical  problem 
[26],  [131].  A difference  of  it  froa  the  latter  is  in  the  fact  that 
the  source  is  arranged  in  aediua  with  losses,  optically  denser,  than 
external  half-space  (air).  In  this  case  appear  soae  specific 
aathenatical  difficulties,  absent  in  Scaaerf ield* s classical  problem. 
The  most  complete  analysis  of  this  problem  is  given  in  works  [9-12, 
66,  138,  139]. 


It  is  necessary  to  note  that  the  flat/plane  unifora  model  of 


earth  is  the  sufficiently  rough  idealization  of  actual  conditions.  It 
is  justified  when  the  heterogeneity  of  the  electrical  properties  of 
earth  does  not  introduce  large  changes  into  the  character  of 
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Eadionave  propagation.  This  is  possible*  apparently*  during  the 
shallow  insertion  of  the  antennas*  when  the  acchanisa  of  propagation 
in  essence  is  deterained  by  the  so-called  "lateral"  waves.  The 
precise  liaits  of  the  applicability  of  flat/plane  uniform  aodel  can 
be  obtained*  if  we  achieve  the  considerably  sore  difficult  purpose  of 
radiowave  propagation  in  the  heterogeneous  Earth. 

2.  Investigation  of  prcblea  under  the  assuaption  of  the 
heterogeneous  aodel  of  earth.  The  solution  of  this  problea  is 
connected  with  great  aatheaatical  difficulties;  therefore  it  is 
necessary  to  ezaaine  the  concrete/specific/actual  approxiaations  of 

the  electrical  properties  of  earth.  The  advantage  of  this  approach  is 
the  possibility  of  the  account  of  the  effect  of  the  weakly  conductive 

"basaltic"  layer  on  the  aecbanisn  of  radiowave  propagation.  It  proves 
to  be  that  under  soae  conditions  the  "basaltic"  layer  can  play  the 
role  of  waveguide  for  channeling  of  electromagnetic  energy. 

There  are  several  survey/coverages  [55*  100*  134*  142*  154]* 
which  concern  the  different  sides  of  the  problem  of  underground 
radiowave  propagation.  Their  presence  makes  it  possible  to  stop  at 
the  examination  only  of  most  essential  investigations.  Let  us  examine 
first  the  works*  which  relate  to  the  first  group  of  experiments. 

L.  n.  Brekhovskikh  [9-12]  solved  the  problem  of  radiowave 
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propagation  froa  the  vertical  electric  dipole,  placed  into 
hoiogeneous  aediua  with  losses  (earth/ground). 

Page  148. 

To  them  is  used  the  been  at  present  classical  method  of  the  ^ 

cesolution  of  spherical  uaves  for  the  superposition  of  heterogeneous  I 

1 

(having  composite  direction  cosines)  plane  waves.  The  effect  of  the  j 
interface  of  mediums  manifests  itself  the  appearance  of  the  secondary  j 

field  in  the  earth/ground,  expression  for  which  is  constructed  in  the  j 

! 

form  of  contour  integral,  specific  for  a problem  of  underground  | 

source  is  that  the  initial  integral  for  the  secondary  field  can  be 
broken  into  integral  in  terns  of  the  duct  of  crossing  and  integral  in  ^ 
terms  of  the  shores  of  cut/section.  In  the  apprcach/approxinat ion  of 
geometric  optics  each  integral  it  is  possible  to  ascribe  clear 
physical  sense.  Computation  of  the  first  integral  gives  the  wave, 
reflected  from  boundary.  L.  H.  Brekhovskikh  examined  only  the  case  of 
a sufficient  distance  of  the  pole  of  integrand  of  saddle  point,  which 
corresponds  to  large  numerical  distances  on  the  earth/ground  *. 


ECCTROTE  *.  numerical  distance  on  the  earth/ground  is  named 
dimensionless  guantity  ik|r/2  [ (ko/kf)  > ♦ 1],  while  by  numerical 
distance  by  air  > value  ikor/2  [ (k|/ko)  < « 1 ]•  where  ko  is  wave 


j i^eflectlng  concept  turns  out  to  be  that  which  is  used  onlj  during  the 

reaoval  of  transaitter  and  receiver  frca  interface.  Integral  in  terns 
of  the  shores  of  cut/section  gives  the  so-called  side  wave.  It  nakes 
sense  of  wave,  leaving  froa  source  to  the  interface  of  aediuas  at  an 
angle  of  total  internal  reflection.  This  waves  is  refracted  on 
boundary,  lands  in  air,  further  it  is  propagated  along  interface  and 
then  returns  to  the  earth/ground.  A deficiency/lack  [9-12]  is  the 
fact  that  the  expression  for  a side  wave,  obtained  L.  n. 

Erekhcvskikh,  is  applicable  only  at  large  nuaerical  distances  by  air. 

I This  is  the  consequence  of  the  fact  that  was  not  taken  into  account 

close  location  of  one  of  the  poles  and  the  branch  point. 

I ||ore  coBBon/general/total  result  is  obtained  by  Ye.  L.  Feynberg 

[66].  It  found  expression  for  a side  wave  with  the  use  of  a concept 
of  the  function  of  weakening  (which  is  equivalent  to  the 

'I  application/use  of  the  Bodified  steepest  descent  nethod  [68]  taking 

. I 

'1  into  account  the  close  location  of  pole  and  saddle  point).  The 

. 1 

, I 

I expressions  for  a side  wave  at  large  nuaerical  distances  froa  air, 

■ 'i 

i 


obtained  L.  H.  Brekhovskikh  and  Te.  L.  Feynberg,  coincide,  in  this 
region  the  field  decreases  inversely  proportional  to  the  square  of 
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the  distance  betMeen  the  coccespondents.  At  snail  distances  it 
decreases  inversely  proportional  to  the  first  degree  of  distance, 
typical  for  an  underground  radiowave  propagatiov  is  that  horizontal 
the  coapoaaat  of  electric  field  approxiaately  I I tines  is  acre 
vertical  (*«—  iAt  a relative  conposite  dielectric  constant).  ^ 

1 

Page  149. 

It  is  interesting  to  note  that  in  conaunication/connection  with  the 
aid  of  buried  antennas  on  side  vave  there  is  a cptinun  (in  the  sense 
of  producing  the  aaxinua  field  at  the  pcint  of  aethod)  freguency. 

Generally  speaking,  it  depends  on  the  total  insertion  of  antennas, 
the  electrical  properties  of  earth  and  distance  between  antennas,  but 
if  nuaerical  distances  by  air  either  are  very  stall  or  very  great  on 
coaparison  with  unity,  then  the  optiaua  freguency  it  does  not  depend 
on  the  distance  between  the  correspondents.  The  results  of 
investigations  [9-12]  and  [66]  are  used  when  |Air|>l. 

The  horizontal  electrical  antennas  are  the  aore  effective 
underground  sources  of  radio  waves,  than  vertical.  The  radial 
coaponent  of  electric  field,  created  by  horizontal  antenaa,  ||^^cosf| 
tiaes  is  aore  than  the  sane  coaponent,  created  ky  vertical  wire 
antenna  under  the  condition  of  the  eguality  of  their  dipole  noaents  * 

(#  is  an  aziauth  angle). 
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of  space.  The  dependence  of  electrical  conductivity  a on  depth  z for 
it  has  the  fora 


0 


= const 


CO 


with 


with 


with 


with 


—«<*<—  h ' 


-A<2<0 

0 < z < z, 

*>2’, 


(air) 


(screen) , 


(waveguide) 


(foundation  of 


wav  eguide) , 


where  Kq  and  ^ are  selected  from  the  condition  cf  the  coincidence  of 
the  approxisating  and  experimental  dependence  o (z).  Dielectric 
constant  is  taken  different,  but  by  constant  in  each  layer.  This 
approximation  of  the  properties  of  medium  makes  it  possible  to 
express  the  solution  of  the  problem  by  cylindrical  functions. 

Page  150. 

As  the  Sait  source  it  examined  the  vertical  electric  dipole,  placed 
into  waveguide.  A vital  difference  of  the  work  cf  Bait  from  [9-12, 
66,  139]  is  that  contour  integral  for  a potential  it  calculates 
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FOOTNOTE  This  is  correct  in  that  region,  where  the  field  of 
straight  line  and  reflected  waves  is  negligibly  weak  in  comparison 
with  the  field  of  side  wave.  ENDFOOTNOTB. 


Radio-wave  emissions  from  underground  electrical  horizontal 
antenna  in  the  case  of  the  flat/plane  uniform  model  of  earth  it  is 
investigated  by  jt.  fi.  Ueyt  [139]  and  by  Ye.  A.  Feynberg  [66].  He 
found  expression  for  the  component  of  field  at  |A’ir|>r  and  any 
numerical  distances  by  air. 


Let  us  pass  to  the  examination  of  the  works,  which  relate  to  the 
second  section.  The  geological  structure  of  earth  is  such  (see  §1), 
that  the  insertion  of  the  transmitting  and  receiving  antennas  to 
considerable  depths  leads  to  the  possibility  of  the  onset  of  the  new 
mechanism  of  radiowave  propagation.  The  weakly  conductive  "basaltic” 

layer  begins  to  play  the  role  of  waveguide.  In  the  earth*s  crust  the 
electrical  parameters  of  rock/species  are  the  complex  functions  of 
depth,  are  possible  the  different  approximations  of  these  parameters. 
JL  B.  Qeyt,  examining  the  possibility  of  waveguide  radiowave 
propagation  to  crust,  accepts  [141]  the  flat/plane  four-layer  model 


1 

1 
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according  to  deductions  in  the  poles  of  integrand.  This  corresponds 
to  field  expansion  in  terns  of  nodes  (naveguide  nechanisn  of  the 

propagation  of  waves).  The  application/use  of  this  aethod  nost  is 
effective  in  remote  zone  frca  enitter.  The  fundamental  difficulty  is 
comprised  in  the  solution  to  characteristic  eguation  for  the 
determination  of  poles,  iait  solves  by  its  method  successive 
approximation.  For  this  initially  it  makes  the  following  assumptions: 

1)  the  shielding  layer  is  considered  high-conductivity  that  it 
makes  it  possible  to  use  approximations  for  the  coefficients  of 
reflection  of  separate  modes  from  screen: 

2)  are  assumed  that  the  thickness  of  screen  h uuch  more  the 
depth  of  the  layer  of  skin  effect  (neglect  of  the  mechanism  of  the 
side  waves,  which  emerge  into  air)  ; 

3)  are  considered  that  surface  z = O',  perfect  dielectric;  this 

assumption  strongly  simplifies  the  solution  to  characteristic 
equation. 

As  a result  to  analytically  find  zero  approximation  of  solution, 
and  then  it  is  possible  to  find  correction  term.  The  attenuation  of 
waves  is  characterized  by  exponential  factor,  whereupon  index  in 
exponent  turns  out  to  be  that  which  was  broken  for  the  sun  of  three 
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terns,  each  of  which  it  is  possible  to  ascribe  the  physical  sense. 

So,  first  tern  (/1„)  describes  the  attenuation  of  nodes  because  of  the 
outflow  of  energy  down  (z  > 0) , whereupon  with  an  increase  of  the 
Dunber  of  node  this  attenuation  increases,  second  tern  (B) 
characterizes  attenuation  because  of  the  final  conductivity  of 
screen,  and  the  third  (D)  - because  of  losses  in  the  mediun  of 
waveguide.  The  latter  of  twc  terns  do  not  depend  on  the  nunber  of 
nodes.  By  Bait  were  obtained  nunerical  results  for  the  first  two 
■odes  and  was  examined  the  case,  when  Kg  = 9.  ^ ~ 1 kn~*,  Zq  = 40  kn, 
X = 45  kn  (wavelength  in  air);  1)  with  o,=  10"* 

it  turned  oat  that  Aj  » 2.8,  Ax  = 2€,  B = 2.8,  D = 5.4  db/1000 
kn;  2)  with  = 1 ^ *0  = 10"* turned  out  that  A, 

= 2.8,  Ax  = 28,  B * 0.28,  D = 5.4  db/1000  kn.  Are  constructed  the 
graph/diagrans  of  dependence  A^  and  Az  on  f at  the  different  values 
of  ratio  Zo/ko  (where  = see  Fig.  9a  and  b.  A 

deficiency /lack  in  the  nodel  of  Bait  [ 141  ] is  the  sufficiently  rough 
approxination  of  the  electrical  properties  of  earth  (conduct  of  sharp 
interfaces  according  to  electrical  properties  within  crust).  By  it  is 
exanined  the  only  flat/plane  nodel  of  earth,  which  Units  the  region 
of  the  applicability  of  the  obtained  results. 

Page  151. 


By  the  authors  of  present  article  is  investigated  the  nore 
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general  approxiaat ion  of  the  electrical  properties  of  earth. 

Dependence  of  electrical  conductivity  and  electrical  properties  of 
earth.  The  dependence  of  electrical  conductivity  and  dielectric 
constant  on  depth  is  taken  in  the  fora  of  function  of  the  type  of 
potential  veil.  This  it  aakes  it  possible  to  describe  sufficiently 
veil  the  electrical  properties  of  earth  up  to  nucleus.  As  emitter  is 
exanined  horizontal  electric  dipcle«  and  as  the  nodel  of  earth  is 
accepted  sphere.  The  solution  of  problea  succeeds  in  expressing  by 
Hhittaker  functions  [18,  23,  33,  64,  88,  128]-  The  obtained  results  i 
vill  be  published  in  one  of  the  nearest  issues  cf  the  present 

collector.  j 

> 

( 

I 

i 

In  conclusion  it  is  necessary  to  note  that  the  analysis  of 
antenna  systems  in  the  earth/ground  (as  generally  in  mediums  vith 
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The  publications,  dedicated  to  this  questicn,  it  is  very  snail. 
Hansen  [100]  in  regard  to  this  writes  that  the  lajority  of  results 
"is  buried**  in  the  reports  of  the  instituticns,  which  conducted 
siailat  research. 


a 


Pig.  S.  Depesdasce  of  the  coefficients  of  weakening  A,  (a)  and  A^  (b) 

on  the  paraseter  ^ at  the  different  values  of  ratio  Xo/Xq. 


Keys  (1).  dl>/1000  ks 
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Page  152. 

Part  [79,  113]  has  descriptive  character,  in  the  article  [96]  it  is 
given  very  few  the  experiaental  data,  acd  investigations  [ 85,  102, 
127]  concern  radiowave  propagation  in  strongly-conducting  aediuns. 

B.  N.  Ghose  [96]  experinentally  investigated  radiowave 
propagation  fron  the  horizontal  antenna,  placed  into  shaft/aine  at 
depth  90  a.  The  receiver  was  driven  out  on  11  ka  and  was 
arrange/located  on  the  surface  of  the  Earth.  The  author  Bade 
coaparisoDB  of  theoretical  and  experiaental  dependence  the  coaponents 
of  field  £,  in  the  maxiaua  of  radiation  pattern  on  frequency  in  the 
range  0.1-2. 5 kHz  (^ig.  10).  The  current  aoaent  in  antenna  /,/i,  was 
equal  to  1.2  X 10*  a • a,  and  electrical  conductivity  of  the  Barth 
was  04 157  1/ohB«a. 

The  experiaent  of  radio  coaaunication  with  the  aid  of  side  wave 
at  a distance  24  kn  (at  the  power  of  transaitter  into  3 U)  was 
described  by  G.  A.  Bernard  [79].  transaitter  with  a power  30  W 
increased  the  range  of  coanunication/connection  to  80  ka.  Articles 
[113,  153]  describe  the  experiaents  of  radio  coaaunication  through 
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the  weakly  conductive  layers.  Vas  demonstrated  [113]  radio 
ccmmunication  through  the  stone  layer  at  ireguency  200  kHz  up  to 
distance  29  ka.  The  power  of  transmitter  was  100  M.  Noted,  that  there 
is  an  hope  to  increase  range  to  80-160  km,  decreasing  the  frequency 
to  15-40  kHz.  ias  produced  the  transmission  of  the  radio  signals 

through  the  layer  of  rock  salt  and  potash  [153].  the  transmitter  and 
the  receiver,  spread  up  to  distance  7 km,  were  placed  in  shafts  at 

depth  300  a,  but  the  power  of  transmitter  was  akout  200  H. 
Communication/connection  was  realized  at  frequency  150  kHz  by  a 
teleprinter  with  a velocity  of  60  words  per  minute.  The  experiment 
showed  that  the  upper  layer  of  the  Earth  was  a good  screen  from 
interferences.  [85,  102,  127]  are  dedicated  to  research  on  radiowave 
propagation  from  all  possible  antennas  in  the  high-conductivity 
aqueous  solutions.  The  advisability  of  such  investigations  seems  us 
by  very  doubtful,  since  previously  were  kncwn  the  electrical 
parameters  of  mediums. 


Let  us  pass  to  the  study  of  the  problem  concerning  the  effect  of 
electromagnetic  interferences  on  radio  communication. 
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Fig.  10.  TiMoc«tical  and  azpariMatal  dapaadanca  horizoatal  coapoaant 
electric  intensity  in  the  aaxiBua  of  radiation  pattern  (in  dB) 
relative  to  the  level  1 fiV/a  as  functions  cf  frequency.  1 - 
experiaental  curve;  2 - theoretical  curve. 


Kay:  (1).  Frequency,  kHz. 
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Page  153. 

As  noted  above,  during  the  shallow  insertion  of  the  transaitting  and 
receiving  antennas  into  the  earth/ground  the  dcainant  role  plays  the 
side  wave.  Since  in  this  case  (unlike  propagation  through  the  layec 
of  "basalt")  the  route  of  coanunication/connection  does  not  have  the 
shielding  coating,  it  is  subjected  to  the  effect  of  the  space, 
ataospheric  aad  other  interferences  in  the  saae  degree  as  the  ground 

ccaaunicat ion  lines,  in  the  range  of  frequencies  15-150  HHz  the 
fundaaental  interferences  create  cosaic  noises  [121],  as  source  of 
which  is  galactic  noise.  At  frequencies  below  15  HHz  doainant  cole 
begin  to  play  ataospherics  (produced  in  essence  by  lightning 
discharges)  and  fields  of  jaaaing  stations.  It  is  necessary  to  accept 

into  consideration  not  only  local  thunderstoras,  but  also  the 
thunderstoras,  aoved  away  to  tens  thousand  of  dynaaoaeters.  The 
spectcua  of  the  latter  in  essence  is  deterained  by  the  conditions  of 
cadiowave  propagation.  The  consequence  of  this  is  that  the  level  of 
ataospherics  at  night  higher  than  in  the  daytiae  (Fig.  11a  and  b)  , 
and  the  aaxiaua  of  spectral  distribution  is  arranged  in  region  8-10 
kHz.  In  the  range  of  frequencies  below  1 kHz  the  significant  role 
exerts  the  Sun  the  aoon,  which  induce  terrestrial  currents  [121]. 

The  analysis  showed  that  ataospherics  have  the  horizontal 
coapooent  of  electric  field,  auch  saallcr  than  vertical  coaponent. 
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Therefore  the  eajority  of  the  researchers  [118,  124,  145,  146] 
■easared  the  vertical  coeponent.  lith  underground  radio  connunication 
are  nore  profitable  to  conduct  nethod  horizontal  the  coaponents  of 
the  electric  field  of  signal,  and  aeans  for  our  purposes  is  necessary 

the  account  of  the  precisely  horizontal  coiponent  of  the  electric 

field  of  atnospher ics.  Has  designed  [by  121]  their  linear  weahening 
because  of  absorption  in  the  earth/ground  during  propagation 
deptheard.  Data  of  the  calculation  are  given  in  table. 

Figure  11a  and  b gives  borroued  fron  [96]  the  curve/graph  of  the 
spectral  distribution  of  the  horizontal  conponent  of  the  electric 

field  of  ataospherics  of  the  surface  of  the  Earth  in  the  area  of 

sooth  California  in  winter  in  daytine  and  night  tine. 
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Fig-  11-  Spectral  aaplitude  distribution  of  the  horizontal  component 
of  the  electric  field  of  atiosphetics  £,  (in  dB)  relative  to  level  1 
»jV/n  of  the  surface  of  the  Earth  during  Decenber  1959  in  California, 
a - day;  b - night.  Passband  of  receiver  - ICO  Hz. 

Key;  (1).  Day-  (2).  Frequency,  kHz-  (3).  Might. 


^ Page  154- 

A 

t Curves  show  the  noise  field  intensity  at  different  frequencies,  which 

is  exceeded  by  the  indicated  in  figures  percentage  of  tine.  In  this 
sane  article  (96]  are  data  on  the  integral  distribution  of  the 
horizontal  conponent  of  the  electric  field  of  atnospherics-  In  the 
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territory  of  the  USSR  the  greatest  interference  level  is  observed  in 
southern  latitudes,  and  ainieui  - in  polar  regicns.  the  selection  of 
carrier  frequency  it  is  necessary  to  produce,  by  taking  into  account 
not  only  the  condition  of  the  creation  cf  the  naxinuB  strength  in 
receiving  antenna  (see  §4) , but  also  the  spectral  field  distribution 
of  interferences. 


The  preliainary  analysis  showed  [152]  that  to  25o/o  of  area  of 
the  USA  it  is  possible  to  carry  out  radio  coaiunication  through  the 
"basaltic"  waveguide  up  to  distances  more  than  65  ka. 
CoBBunication/connection  with  the  use  of  a side  wave  (antenna  of  deep 
insertion)  is  possible  at  a distance  to  1600  ki. 


In  conclusion  the  authors  consider  their  pleasant  duty  to 
express  appreciation  to  G.  A.  Ostrouaov  and  L.  B.  Lasanenko,  who  aade 
a series  of  useful  observations  about  content  cf  article. 
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linear  weakening  of  the  interferences  of  different  frequency  in  the 
earth/ground  with  electrical  conductivity  10*^  1/ohB*n. 


^'')HacTOTa,  tif 

^\>CAa6AeHaa,  dSlju 

10* 

0,0171 

10* 

0,0545 

10* 

0,171 

10» 

0,545 

Key:  (1).  Frequency,  Hz.  (2).  Heakening,  dB/i 
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